A few practical aspects of monochromators recently developed for transmission electron microscopy are briefly reviewed. The basic structures and properties of four monochromators, a single Wien filter monochromator, a double Wien filter monochromator, an omega-shaped electrostatic monochromator and an alpha-shaped magnetic monochromator, are outlined. The advantages and side effects of these monochromators in spectroscopy and imaging are pointed out. A few properties of the monochromators in imaging, such as spatial or angular chromaticity, are also discussed.
Introduction
Several types of monochromators have been developed for electron microscopy in this decade and are now available as a tool for material characterization. They can reduce the energy spread of incident electrons to milli-electron-volt level. Monochromators can improve a diverse range of electron microscopy techniques, including not only electron energyloss spectroscopy (EELS) [1] but also other imaging techniques, such as transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM).
A monochromator is an electron-optical system including energy-dispersive deflectors and an energy-selecting slit, and there are many types of deflectors and their combinations, which decide the inherent performance of the instrument. The implementation of a monochromator on a microscope column is also crucial. For instance, most monochromators function at a high tension, but a few function at the earth ground, yielding different performance properties. Monochromators change the illumination conditions, such as the convergence angle; therefore, the TEM imaging properties are affected in terms of both chromatic and spatial partial coherence. Although monochromators disperse the electron source image on the energy-selecting slit, a probeforming lens focusses the source image on the specimen in STEM imaging. Thus, the monochromator properties are also related to the STEM imaging performance from the viewpoint of not only chromatic aberration but also spatial incoherence. In short, the energy-dispersed source image on the specimen might degrade the STEM spatial resolution under an inappropriate alignment condition.
In this review, the practical aspects of monochromators as a tool for electron microscopy are briefly outlined. First, the fundamental concepts of four monochromators are outlined. Then, a few critical properties of these monochromators are pointed out through a discussion of their differences. The advantages and side effects of using these monochromators in EELS, TEM and STEM imaging are also discussed.
Basic features of four monochromators
Several monochromators developed for electron microscopy have already been studied by pioneering researchers [2] [3] [4] , and manufacturers have recently provided several types of monochromators. This short review focusses on currently available monochromators used for TEM and STEM. Table 1 outlines the four monochromators described in this review: (a) a single Wien filter monochromator developed by FEI [5] [6] [7] , (b) a double Wien filter monochromator by JEOL [8] , (c) an omega-shaped electrostatic monochromator by CEOS [9, 10] and (d) an alpha-type magnetic monochromator by NION [11, 12] . Here a few properties of these monochromators are outlined through a discussion of their differences.
The four monochromators have different basic structures as follows. The single Wien filter monochromator (a) consists of a Wien filter and an energy-selecting slit; a Wien filter analyses the speed of electrons using the crossing magnetic and electrostatic fields, and the energy-selecting slit mechanically chooses a portion of the dispersed electrons. The double Wien filter monochromator (b) includes two Wien filters with an energy-selecting slit inserted between them. The second Wien filter eliminates the energy dispersion at the conjugate plane of the electron source. The omega-shaped electrostatic monochromator (c) constructs an omega-shaped electron path using four electrostatic toroidal sector deflectors. The latter two deflectors project an achromatic source image. The alpha-type magnetic monochromator (d) is attached after the acceleration tube, and four energy dispersions, which are actually formed by one uniform-field sector (functioning twice) and two gradientfield sectors, are used to produce an alpha-shaped electron path. The omega-or alpha-shaped electron paths minimize the aberrations of each monochromator by acting as in-column energy filters, because the energy-selecting slit and energy dispersion plane of the monochromators lie on the midplane of the electron path.
The electron energy in the energy dispersion part depends on the arrangement of the monochromator and the acceleration tube and yields a critical difference in the monochromator properties. In many cases (i.e. (a)-(c)), the electron energy in the energy dispersion part is relatively low (e.g. a few keV) to obtain sufficient energy dispersion at the energy-selecting slit and, as a result, many monochromators are mounted between the electron gun and the acceleration tube. There are a few technical challenges in mounting a monochromator at a high tension in terms of its electronics, mechanics and the requirement of ultrahigh vacuum in the electron gun chamber. Note that a monochromator at a high tension cannot filter out the instability of the acceleration voltage; however, it can be easily used at various acceleration voltages under the same monochromator condition. The performance of the energy dispersion part depends not only on the electron optics but also on the Boersch effect; therefore, the length of the electron path, the probe current and the number of crossovers should be minimized. In contrast, monochromator (d) attached after the acceleration tube works at the earth ground, and the electron energy in the energy dispersion part is high. Therefore, monochromator (d) requires additional electron optics to magnify the energy dispersion, and NION adopted a multipole lens system as well as a parallel EEL spectrometer or a post-column energy filter [13] . The high-tension instability directly affects the projected position on the energy-selecting slit, allowing us to stabilize the high tension. Monochromator (d) has been combined with a cold field-emission gun (CFEG), which requires ultrahigh vacuum, because monochromator (d) can be fitted on the microscope column below the acceleration tube.
The energy-selecting slit is an indispensable part of a monochromator, and the required slit width is generally of the order of a micrometre. Because monochromators (b) and (c) select electrons at a relatively low energy, the energy-selecting slit should be clean and free from chargeup. In addition, the mechanical movable components of the energy-selecting slit should not degrade the vacuum in the adjacent electron gun chamber. In contrast, the energyselecting slits of monochromators (a) and (d) select highenergy electrons in the microscope columns, and a variety of slits and a complicated mechanical/electrical system can be implemented. In the case of the single Wien filter monochromator, the acceleration tube between the Wien filter and the energy-selecting slit magnifies the source image and the energy dispersion, which is advantageous for energy selection. In monochromator (d), a current detection system is implemented on the energy-selecting slit for the additional stabilization of high tension. Here two types of chromaticity are discussed: spatial chromaticity and angular chromaticity. Spatial chromaticity means that there is energy dispersion at the final source image, which is eliminated in monochromators (b)-(d). Angular chromaticity means that electrons propagating in different directions have different energies, which is eliminated in monochromators (c) and (d) owing to their symmetric electron paths. The effects of these properties on TEM and STEM imaging are discussed later. It is worth mentioning that the angular chromaticity in the double Wien filter monochromator (b) can be controlled by changing the length of the Wien filters. For instance, the deflection induced by the Lorentz force becomes zero (i.e. the rotation angle equals 2π) at a specific filter length, and the angular chromaticity is eliminated under this condition. Figure 1b depicts an example setting, in which the total angle of rotation induced by the Lorentz force equals π, which was reported in a previous paper [8] .
Stabilities at a high tension and power supply of the monochromator are critical technical requirements to realize high energy resolution. The high-tension instability cannot be corrected by a monochromator at a high tension, and a highly stabilized high tension is required to realize high energy resolution. Note that a stable energy-dispersed source image on an energy-selecting slit only ensures the stability of the voltage (e.g. a few kV) of the electrons in the monochromator. In contrast, monochromator (d) at the earth ground level can eliminate high-tension instability. Because high-tension instability causes instability in a probe current of monochromator (d), high-tension stability is still required. In addition, a monochromator at the earth ground level requires ultrahigh resolving power in comparison with that of a monochromator at a high tension, and its power supply should also be highly stabilized.
Although the aberration figure on the selecting slit can be easily observed in the single Wien filter monochromator, those of the other monochromators are not observable because of the energy dispersion deflector(s) after the energy-selecting slit, making their alignment indirect. Therefore, an EEL spectrometer is indispensable to align such monochromators. The EEL spectrometer should have high energy resolution (small non-isochromaticity) and be highly stabilized. A few pioneering studies [2] on high-resolution EELS have been performed with the combination of a monochromator and a retarding analyzer, in which the potentials of both energy dispersion deflectors were connected. For this combination, the potential instability does not result in spectroscopic instability, even if the actual energy of incident electrons at the specimen fluctuates. A similar concept is embraced in monochromator (d), in which the power supplies of the monochromator and analyzer are synchronized.
A high-brightness electron gun is preferable for monochromated microscopes. The electron gun brightness is generally defined as the current j per unit solid angle and unit area [A sr
]. From the viewpoint of monochromated electron microscopy, the brightness of each electron gun should be re-examined on the basis of each energy spread. Namely, the brightness should be normalized by the energy spread (e.g. [A sr
, in which the current j is replaced by the maximum of the energy distribution, dj(E)/ dE, where E is the energy of the incident electrons. The electron gun brightness related to the energy spread has already been investigated as the differential brightness in the theoretical study of Shimoyama and Maruse [14] and as the reduced brightness in the experimental study reported by Schwind et al. [15] . The latter reported an improvement of the reduced brightness in the sharpened tip of a Schottky emission gun (SEG). Because a CFEG has the highest reduced brightness among existing electron guns, the use of a CFEG or SEG with a sharpened tip is preferable for a monochromator.
Monochromators used for EELS
Incident electrons with a narrow energy spread reveal the fine structures of EEL spectra. All the above-mentioned monochromators demonstrate sub-100 meV resolution. An example of the energy distributions obtained using a CFEG and the single Wien filter monochromator is shown in Fig. 2 . The energy distribution of a CFEG is limited by the Fermi tail and the tunnelling tail on the low-and high-energy-loss sides, respectively. The Fermi tail has a steep onset comparable to that in our previous report on a monochromator [16, 17] ; however, recent monochromators have sharp onsets as shown in Fig. 2 . This is important because the energy spread of incident electrons should be narrower than the natural Fermi edge of a specimen to reveal the energy-loss near-edge structure of the specimen. Because the tunnelling tail is problematic in the observation of the fine structure in low-energy-loss spectra, monochromators are effective for low-loss spectroscopy. The energy resolution is usually specified by the full width at half maximum (FWHM) of a zero-loss peak; however, the full width at 100th maximum is often appropriate in low-loss spectroscopy. In the practical use of a monochromator, the energy spread, probe current, probe size and convergence angle should be balanced for each purpose. For instance, the energy resolution and probe size for atomic-column STEM-EELS elemental mapping should be optimized on the basis of the lifetime energy broadening and the delocalization in inelastic scattering, respectively [18, 19] . Otherwise, the low probe current becomes the practical limiting factor preventing the visualization of atomic arrangements in terms of the minimum detectable atomic fraction [1] . In addition to the energy spread of a zero-loss peak, several technical factors should be optimized to realize high energy resolution, such as the stabilities of the high-tension and monochromator power supplies, low-noise circumstances (e.g. stray magnetic field), a narrow point spread function (PSF) of a spectrometer detector and a small chromatic aberration of post-specimen lenses. Conventional techniques for multiple fast acquisition and drift correction [17, 20] are still effective even for advanced monochromated microscopy. For instance, the narrow energy spread of the monochromator in Fig. 2 is degraded when a longer exposure time is used. We performed quasi-simultaneous acquisition (e.g. low-loss and core-loss spectra) to accurately evaluate a chemical shift [20] , and a similar concept has been commercialized in a more sophisticated product (Gatan, DualEELS). Because the PSF can degrade fine spectral features, a high energy dispersion (e.g. <10 meV ch −1 )
should be applied, resulting in a narrow energy range (e.g. 200 eV) of an acquired spectrum. A more advanced detector that has a narrow PSF or many channels is preferable. We have recently recognized the last factor, i.e. the effect of the chromatic aberration of the post-specimen lenses, as being particularly important for low-acceleration-voltage electron microscopy. We usually use the drift tube in a spectrometer to switch the energy range, such as from low-loss to highloss spectroscopy, and we found a substantial difference in each spectroscopic focus, which is due to the vertical shift of the final crossover in the microscope column.
Monochromators used for TEM imaging
The spherical aberration corrector is a breakthrough in TEM [21] , yielding the new category of low-voltage highresolution TEM. Because the third-order spherical aberration coefficient C 3 can be eliminated, the information limit has become more important than the conventional Scherzer limit. There are two envelope functions that restrict the information limit: the spatial envelope K s and the chromatic envelope K c [22] . Because C 3 and the optimum defocus become close to zero in C 3 -corrected microscopy, the effect of the spatial envelope becomes small even under a convergent illumination condition. Accordingly, the chromatic envelope, which is quantified as the defocus spread, is critical in high-resolution TEM. The defocus spread Δd depends on (i) the energy spread of the incident electrons ΔE, (ii) the high-tension instability ΔV and (iii) the instability of the objective lens current ΔI, and is given as
Monochromators can reduce only the effect of factor (i). However, we demonstrated the advantages of a monochromator in low-voltage high-resolution TEM [23] , in which the information limit of 80 kV TEM was improved from about 0.2 nm to 90 pm by reducing the energy spread from 0.9 to 0.1 eV. This means that the energy spread of the incident electrons (i) is a major limiting factor compared with other instabilities (ii) and (iii). Note that the chromatic aberration C c corrector produces negative chromatic aberration; however, the defocus spread due to the current instability (iii) cannot be eliminated. Thus, the energy-dependent defocus spread (e.g. (i) and (ii)) and the current-dependent defocus spread (iii) should be separately discussed. The current-dependent defocus spread of the C c corrector system consists of many factors including the current instabilities in the objective lens, the spherical aberration corrector and the C c corrector itself.
In addition to reducing the energy spread, a monochromator changes the illumination conditions, which affect highresolution TEM imaging. As mentioned above, some monochromators have a residual energy dispersion, and here the effects of spatial and angular chromaticity on highresolution TEM are elaborated.
Spatial chromaticity is not critical for high-resolution TEM because each illuminated local area retains a high energy resolution and high-resolution TEM images are acquired with small defocus. The single Wien filter monochromator provides spatial-chromatic illumination, and one of its illumination modes is energy-dispersive critical illumination (so-called rainbow illumination) [6] . Rainbow illumination realizes a high illumination current and local high energy resolution simultaneously. A drawback of rainbow illumination is that the current density on the specimen cannot be changed without degradation of the energy spread. However, this can be easily avoided by using a narrow energy-selecting slit and a defocussed source image, and such a defocussed source with a narrow energyselecting slit can reduce the convergence angle. An experimental result obtained using such illumination is given later in Fig. 3 .
Angular chromaticity exists in monochromators (a) and (b) owing to asymmetric electron paths. Because electrons with different angles have different energies, their TEM images theoretically show different amounts of defocus. If the variation in defocus of each electron is negligible, the spatial envelope function under such angular chromaticity is equal to the conventional spatial envelope function. Note that electrons of different directions are considered to be incoherent to each other in the partial coherent imaging theory [24] . In the case of monochromators (a) and (b), the acceleration tube can minimize the angular dispersion; as a result, the angular chromaticity can be minimized. Consequently, spatial/angular chromaticity does not lead to problems in C 3 -corrected high-resolution TEM imaging.
The TEM imaging performance can be assessed using the three-dimensional (3D) Fourier transform of throughfocus images. Because the experimental through-focus series is considered to be the convolution between a defocus spread function and an ideal (i.e. no defocus spread) through-focus series, the 3D Fourier transform can deduce the defocus spread function as an envelope function. In the 3D Fourier transform data obtained using an amorphous specimen, there are twin Ewald spheres attached at the origin. The information limit can be estimated as the observable lateral frequency in the Ewald spheres. A theoretical outline of this method has been presented elsewhere [25] . 
Monochromators used for STEM imaging
Electrons with different energies are defocussed owing to the chromatic aberration of probe-forming lenses, producing a weak and wide tail of the incident probe and resulting in the elongation of the depth of focus and a contrast reduction of annular dark-field (ADF) images. Because the defocus spread does not change the FWHM of the incident probe, the energy spread is not critical to the achievable spatial resolution of STEM ADF imaging. The demagnified source image projected on the specimen is considered to be spatial incoherent [26] , and the geometric size and shape of the projected source limit the achievable spatial resolution. Monochromators (b)-(d), which consist of multiple energy dispersion parts, can construct an achromatic source image; however, the aberration of the monochromator is critical for constructing a circular source image. In the case of the single Wien filter monochromator, various slits or apertures can be inserted on the energydispersed source image, because the energy-selecting slit units are located in the microscope column at the earth ground. The aperture is thus a source for the following STEM optics. Using a circular aperture (e.g. an aperture of 1 μm diameter), the source image projected on the specimen always becomes circular even when the monochromator is misaligned. An example of monochromated STEM imaging is shown in Fig. 4 , where the images were obtained using the single Wien filter monochromator at an acceleration voltage of 300 kV (FEI, Titan 3 ). A SrTiO 3 (001) specimen was prepared by mechanical thinning and Ar ion milling (Gatan, PIPS and Technoorg-Linda, GentleMill). An ADF image with a high signal-to-noise ratio was observed using a multiple fast acquisition and drift correction technique [27, 28] . The Fourier transform of the ADF image (Fig. 4a) shows no anisotropy, and a spatial frequency of about 70 pm is observed. The illumination conditions, such as the probe current, probe size and energy spread, can be changed via a variety of instrument parameters including the spot size (i.e. demagnification in the condenser lens system), convergence angle, energy dispersion and energy slit width of the monochromator. The settings of the instrument used to obtain Fig. 4a and d realize a high probe current (56 pA) and high spatial resolution (70 pm) with a moderate energy resolution (0.15 eV), which are suitable conditions for elementselective atomic-column imaging using STEM-EELS. Under a high-demagnification condition of the condenser lens system, small-angle electrons emitted from the electron source are selected by the objective aperture. As a result, the angular chromaticity becomes negligible. In other words, the objective aperture of the probe-forming lens is coherently illuminated even in the case of angular chromaticity. Note that a coherently illuminated objective aperture is necessary for reciprocity, which is fundamental for the interpretation of bright-field (BF) STEM image contrast. Under such high-resolution STEM imaging conditions, BF STEM images can be acquired as well as conventional STEM images. Figure 4c and d shows annular bright-field (ABF) and BF images, respectively, where a low-pass filter is applied. Both images also show isotropic imaging properties. Thus, STEM imaging is not degraded by using the currently available monochromators.
Concluding remarks
The practical aspects of monochromators developed for electron microscopes have been reviewed. Four monochromators, the single Wien filter monochromator, the double Wien filter monochromator, the omega-shaped electrostatic monochromator and the alpha-shaped magnetic monochromator, were compared. A few critical properties of the monochromators, such as spatial and angular chromaticity, were discussed. The advantages and side effects of the monochromators in EEL spectroscopy and TEM and STEM imaging were pointed out. The monochromators are effective not only for EEL spectroscopy but also for highresolution TEM imaging, and spatial/angular chromaticity is not problematic in TEM and STEM imaging. The monochromator is one of the frontiers of advanced electron microscopy, and other techniques such as the use of a spin-polarized electron gun and a pulsed electron gun are promising techniques. A monochromator for surface analysis has already achieved 1 meV resolution in a unified system consisting of a monochromator and a spectrometer, and there is still room for an improvement of monochromators for electron microscopy. 
